The polAl mutant of Escherichia coli isolated by De Lucia and Cairns (1) has been the subject of many recent studies aimed at clarifying the role of DNA polymerase I in the repair of damaged DNA (2) (3) (4) (5) . In the particular case of x-irradiation, Town et al. (6) have demonstrated that the mutant is very sensitive to x-rays, and that x-irradiated E. coli polAl cells have many unrepaired single-strand breaks in their DNA, as determined by sedimentation in alkaline sucrose gradients. The DNA of wild-type E. coli is only mildly nicked when isolated after similar irradiation; however, when the DNA is irradiated in 50 mM phosphate buffer (pH 8.0) at 00, many breaks are detected. Town et al. suggest that DNA polymerase I is involved in the rapid repair of DNA in E. coli damaged by x-rays. With the isolation of a DNA polymerase I-deficient mutant of Bacillus subtilis (7) , it is possible to examine by biological criteria the role of this enzyme in the repair of x-irradiated DNA. This paper presents the first demonstration of in vitro repair of DNA damaged by x-rays, with a biological assay for restoration of genetic integrity of the molecule in concert with physicial studies.
METHODS
Bacterial Strains. All strains are derivatives of B. subtilis 168. The polAS mutant (SB1060) has been described (7) . The strains used in this paper were derived by transformation of the polA5 allele into the required strain. Competent cells were prepared by the method of Stewart (8) .
DNA Extraction. DNA was extracted by a modified Marmur procedure (9). Cells were supended in Spizizen's minimal medium (10) plus 0.05% glucose with 0.1 M Na azide and 0.02 M EDTA added. They were lysed by addition of 1.5 mg of lysozyme for 10 min at 37°. Then, the suspension was cleared by addition of 25% Saroksyl to 0.5% and deproteinized with chloroform-octanol 1: 5 twice. The t Address reprint requests to A.T. Ganesan.
nucleic acid was precipitated with ethanol and suspended in 1 ml of 15 mM NaCl-1.5 mM Na citrate-10 mM Tris HCl (pH 7.6)-i mM EDTA. DNA concentration was determined by the method of Burton (11) .
X-Irradiation. The 50-kV x-ray machine and the procedure used for irradiation has been described (12 300 . A kinetic experiment to study the efficiency of repair of irradiated DNA by the enzymes or wild-type cell lysate indicated the maximal recovery of biological activity at 10 min followed by a slow reduction, presumably due to nuclease action. An irradiated polA5 cellular DNA that had 33% of the unirradiated DNA activity increased to 43, 58, and 46% during 5, 10, and 15 min, respectively, of incubation at 37°.
The control DNA without the enzymes did not show any increase under the same conditions. The reaction could thus be followed with maximal efficiency of repair by incubation at 300 for 10 min, as shown by the results in Table 3 . After 10 min of incubation at 300, 0.5 ml of competent cells was added and incubation was continued for 30 min. Cells were diluted and plated to determine the recovery of biological activity.
The reaction was stopped in some cases by the addition of EDTA or by heating at 68°for 10 min. There was no significant difference in transformation efficiency between these samples and those in which the cells were added directly to the reaction mixture, as was done in most of these experiments. With crude lysates, heating resulted in some loss of activity, presumably due to a heat-activated endonuclease in B. subtilis (14) .
Sucrose Gradients. (15) . RESULTS 
AND DISCUSSION
X-rays reduce the transforming activity of preparations of B. subtilis DNA with the introduction of single-and doublestrand breaks (16) . We have previously isolated and characterized a methylmethanesulfonate-sensitive, polymerase Ideficient mutant of B. subtilis (7) that is 2-to 3-fold more Proc. Nat. Acad. Sci. USA 69 (1972) sensitive to x-irradiation than its parent. The data in Table 1 demonstrate the greater sensitivity of the polA5 mutant to x-irradiation. Cell survival after a 35-krad dose is markedly reduced. When the DNA is extracted from these cells and its ability to transform a single mutation or a cluster of four linked mutations (17) (distributed in a molecule of 15 X 106 daltons) is determined, the polA5 mutant DNA has distinctly poorer activity for both single and linked markers. The wild-type DNA appears to have lost very little activity. Since the DNA was irradiated at 250 in medium, the in vivo fast repair attributed by Town et al. (6) to polymerase I could have completely repaired any damage sustained at this moderate dose. If DNA polymerase I is involved in repair of cell DNA after x-irradiation, then DNA isolated from an irradiated polymerase I-deficient cell should contain damage that can be repaired in vitro by this enzyme. Laipis et al. (17) have earlier shown that certain types of damage (both singlestrand nicks and artificially created "gaps") can be efficiently repaired in vitro with purified DNA ligase and polymerase, increasing both biological activity and single-strand molecular weight. Table 2 presents results of several experiments where polA5 cells were irradiated with various doses of x-rays, the DNA was extracted, and its transforming activity was determined. The DNA was then incubated with purified E. coli DNA polymerase I and ligase, and the amount of repair was determined by use of this DNA in a transformation assay. Moderately irradiated DNA (35 krad) showed a significant recovery of both single marker and linkage group activity. More extensively irradiated DNA (100 krad) was less efficiently repaired. An increase in the biological activity of a transforming DNA implies an increase in the singlestrand molecular weight of the DNA (18 Only the last possibility is easily determined. Fig. 2 irradiated DNA has suffered few double-strand breaks, and so the incomplete repair of this DNA is due to some other cause. Kapp and Smith (19) have found that x-rays produce many breaks with sugar damage and/or base loss, as well as The above experiments demonstrate that DNA polymerase I and ligase in vitro can repair the damage induced by x-rays; however, they do not directly demand the involvement of polymerase I in repair of this damage in vivo. A more direct proof of the requirement for DNA polymerase I is given by the experiments presented in Table 3 . Instead of using purified enzymes to repair x-ray damage, total cell lysates of polA5 and wild-type B. subtilis cells are used as the source of the enzymes for the repair experiments. Lysates alone of wild-type B. subtilis would not repair damaged DNA; indeed, rapid loss of transforming activity was noted (75% of Trp+ lost during the assay). This loss could be almost completely eliminated by addition of 2 nmol of E. coli transfer RNA to the assay, presumably inhibiting an activity similar to that of endonuclease I (20) , and by addition of 0.1 /Lmol of ATP. The function of ATP is not clear, but it could perhaps aid in preserving a high concentration of deoxynucleoside triphosphates. In addition, 0.5-1 units of E. coli ligase were added per assay to supplement the B. subtilis enzyme.
[B. subtilis contains a DPN-dependent ligase (17) , but amounts of the enzyme in crude lysates are very low, and enzyme activity is rapidly lost (Laipis, unpublished experiments). ] Under these conditions, a wild-type B. subtilis extract was quite capable of repairing x-irradiated DNA. In contrast, the polA5 extract could not repair this DNA until purified DNA polymerase I was added. Slightly more repair could be obtained with the extracts than with purified DNA polymerase and ligase alone. The increase is small, but consistent in appearance, and could indicate an additional enzyme or enzymes involved either in steps before polymerase I-mediated repair or in another pathway for repair of DNA damaged by x-ray.
